Repeat proteins contain tandem arrays of a simple structural motif. In contrast to globular proteins, repeat proteins are stabilized only by interactions between residues that are relatively close together in the sequence, with no "long-range" interactions. Our work focuses on the tetratricopeptide repeat (TPR), a 34 amino acid helix-turn-helix motif found in tandem arrays in many natural proteins. Earlier, we reported the design and characterization of a series of consensus TPR (CTPR) proteins, which are built as arrays of multiple tandem copies of a 34 amino acid consensus sequence. Here, we present the results of extensive hydrogen exchange (HX) studies of the folding-unfolding behavior of two CTPR proteins (CTPR2 and CTPR3). We used HX to detect and characterize partially folded species that are populated at low frequency in the nominally folded state. We show that for both proteins the equilibrium folding-unfolding transition is non-two-state, but sequential, with the outermost helices showing a significantly higher probability than inner helices of being unfolded. We show that the experimentally observed unfolding behavior is consistent with the predictions of a simple Ising model, in which individual helices are treated as "spinequivalents". The results that we present have general implications for our understanding of the thermodynamic properties of repeat proteins.
Introduction
Repeat proteins present a modular architecture composed of tandem arrays of a defining structural motif. There are many different types of repeat proteins, including ankyrin repeats, armadillo repeats, leucine-rich repeats and tetratricopeptide repeats (TPR). [1] [2] [3] Repeat proteins are stabilized only by interactions between residues that are relatively close together in the sequence, with no 'long range' interactions. 2 This stands in contrast to the more extensively studied globular proteins, in which the folded structure is stabilized both by interactions between residues that are close in sequence, and by interactions between residues that are distant in sequence, yet come close together in the folded state. The simple modular design of repeat proteins, and the dominance of interactions between residues that are close together in the sequence, makes the study of repeat protein folding of interest, both intrinsically and in comparison to the behavior of globular proteins. 1, [4] [5] [6] [7] For example, the thermodynamics of repeat protein folding can be described by simpler models 8, 9 and the energy landscape 10, 11 and the folding pathways 12 of repeat proteins can be modulated by changing the stability of the individual units. 7 Our work focuses on the tetratricopeptide repeat (TPR), which is a 34-amino-acid helix-turn-helix motif found in tandem arrays of 3 to over 16 repeats in many natural proteins. 13, 14 We have previously reported the design and characterization of a series of consensus TPR (CTPR) proteins. 9, [15] [16] [17] CTPR n proteins are built as arrays of multiple tandem copies (n) of a 34 amino acid consensus helix-turn-helix repeat terminated by a single "solvating" helix. All the CTPR proteins are stable and adopt the distinctive TPR fold (Fig. 1) . 9, 15, 16 Here, we present the results of extensive hydrogen exchange (HX) studies of the folding-unfolding behavior of two CTPR proteins (CTPR2 and CTPR3, which contain five and seven α-helices, respectively) in which we specifically probe the nature of partially folded states. HX, which measures the exchange of backbone amide protons with the solvent, allows us to monitor the average state of individual residues within a protein. [18] [19] [20] [21] Backbone amide protons that participate in H-bonding, or are shielded from solvent, are protected from exchange with solvent to a much greater extent than are solvent-exposed, non-H-bonded amide protons. As a result, HX experiments reveal extremely rare unfolding events, 22 which facilitate hydrogen exchange, within the nominally folded state of a protein, thus providing a means by which to characterize the excursions of TPR proteins into partially folded conformations.
Finally, we compare the experimentally observed behavior with that suggested by an Ising model. We showed recently that the stability of a series of CTPR proteins, containing from two to 20 repeats (CTPR2-CTPR20), may be described quantitatively by a simple 1D-Ising model. 9 According to this description, the TPRs' constituent helices correspond to Ising spins, (s i = +1), interacting via a nearest-neighbor coupling. Thus, spin up (s i = +1) in the Ising model corresponds to the folded state of a TPR helix, while spin down (s i = −1) corresponds to the unfolded state. The Ising model free energy is defined as:
where H is 1/(k B T) multiplied by one-half of the difference in free energy between the folded and unfolded states of a single helix in the absence of coupling to its neighbors, and J determines the coupling free energies between neighboring helices. Note that a positive H favors the folded state. Although simple, this model captures accurately the dependence on the number of repeats of the folding-unfolding behavior of an entire series of CTPRs, using just three parameters: J, x c , and m 1 , where x c and m 1 determine H, via the relationship H = m 1 (x c -x), where x is the denaturant (concentration of GuHCl or temperature). Indeed, the denaturation measurements obtained for any two CTPRs in a series is then sufficient to predict accurately the shape and midpoint of the chemically or thermally induced denaturation curves of all other proteins, of different lengths, in that series. A prediction of the Ising model is the existence of intermediate, partially folded configurations that are populated with significant probability across the denaturation transition, i.e. configurations with unfolded end helices, but with folded central helices. Even far into the nominally folded state, the Ising model yields quantitative predictions for the probability that such partially-folded, "end-frayed" configurations will occur. This predicted end-fraying effect is analogous to the behavior observed for short monomeric peptides. 23, 24 Such peptides show a distribution of helical and non-helical conformations, with the central residues having the highest probability of being helical, while the ends fray. The behavior of helical peptides has long been known to be well described by an Ising model treatment. [25] [26] [27] [28] The difference is that in our simplified treatment of TPR folding-unfolding, individual helices, rather than individual amino acids, take the role of Ising spin equivalents.
Results and Discussion
Residue-specific hydrogen exchange in the absence of denaturant
The rate of exchange with solvent of each uniquely assignable amide proton was measured for CTPR2 and CTPR3. 4 From these measurements, protection factors (PFs) were calculated as the ratio of the observed exchange rate for a particular amino acid in the folded protein k ex to the tabulated exchange rate of that amino acid in an unstructured peptide k ex (U) (k ex (U) = k int ). In Fig. 2 , the PF for each backbone amide proton is plotted versus sequence for both CTPR2 and CTPR3. For ease of comparison, the relative registration of the two proteins has been adjusted, so that 15 The helices are named as helix A or B and with the number of the repeat. The helices A1 and solvating (S) with exchange rates too fast to be measured are colored gray. For CTPR2 helices B1 and B2, which are identical according to the Ising treatment, are colored magenta and red, and the central helix (A2) is colored green. For CTPR3, the different helices are named and colored as follows: helices A1 and S in gray, the two pairs of equivalent helices according to the Ising treatment B1 and B3 (cyan and blue) and A2 and A3 (magenta and red), and central B2 helix (green). The schematics show the helices in CTPR2 and CTPR3 for which the exchange parameters have been measured, the color code matches with the colors in the ribbon representations. their central helices are aligned. Examination of these data reveals that: (1) the protection factor for each backbone proton in CTPR2 is significantly less than that of the corresponding proton in CTPR3; (2) the inner helices show greater protection from exchange than the outer helices; (3) within each helix, the general pattern is for central residues to be more protected than end residues. Point (2) implies that the helices fray as anticipated. In addition, point (3) indicates that, we observe "fraying" from the ends in the context of helices within the protein, and in the context of amino acids within each helix (Fig. 2b ). Interestingly, then, these observations mirror the fraying behavior at the ends of helices that has been reported for isolated, short helical peptides. 23, 24 Under conditions very far from unfolding, most amide HX may be ascribed to local fluctuations, which likely involve breaking individual hydrogen bonds. Such reactions occur very infrequently. However, even in the nominally folded state, we may expect transient partial unfolding reactions to occur which then permit HX from unfolded configurations. Under conditions in which the hydrogen exchange reaction is the rate-limiting step (EX2 mechanism), then the total HX rate (k ex ) for a particular amide hydrogen may be expressed as the appropriately weighted sum of the contributions from these two pathways, i.e.:
where p f and p u (p u = 1-p f ) are the probabilities that the amide hydrogen in question is in either the folded state or the unfolded state, respectively, and k ex (F) and k ex (U) are the HX rates from the folded and unfolded states, respectively. It follows that the protection factor may be written as:
where the last equality follows from setting p f equal to 1, which is an excellent approximation except near the unfolding transition. We may expect k ex (F) / k ex (U) bb1, although the value of this ratio is not known a priori. Equation (3) allows the results of the HX experiments to be interpreted in the context of the Ising model described above, if we make the assumption that the probability that an amino acid is in the exchange-competent state is equal to the probability that the helix containing that amino acid is unfolded. Although the Ising model applied in this fashion cannot account for residue-to-residue variations within a helix, it has the potential to capture the overall behavior of the system.
Initially, we assume that p u NNk ex (F) / k ex (U) . It then follows that PF = (p u ) −1 . The experimentally determined protection factors (symbols), together with the Ising model predictions for (p u ) −1 (lines) are plotted in Fig. 2 for each amino acid in CTPR2 (red) and CTPR3 (blue). Application of the Ising model in this fashion indeed captures the overall behavior of the system, with helices nearer the ends of the molecule having lower PFs than those nearer the middle, in both CTPR2 and CTPR3. Moreover, the experimentally determined protection factors for CTPR2 all lie within a factor of 10 of those predicted on the basis of this simplified model with no adjustable parameters.
The model also predicts that the protection factors for all the helices of CTPR3 should be greater than those for the corresponding helices of CTPR2. This difference is observed in the experimentally determined exchange behavior. Moreover, the relative magnitude of the predicted protection factors for each helix in CTPR3 mirrors the experimentally observed exchange data (Fig. 2) . For the centermost helix of CTPR3, however, the experimental PFs are smaller, by a factor of about 50, than those predicted by Eq. (3). One way to explain this discrepancy is to allow for the possibility of HX exchange directly from the folded state (which would correspond to a non-zero value of k ex (F) /k ex (U) in Eq. (3)). 29 The consequences of a non-zero value for k ex (F) / k ex (U) are illustrated in Fig. 2 , where the magenta and cyan lines show the predictions of Eq. (3) for 
, which is the value that best fits the experimentally observed data. The predicted PFs for all but the centermost helix of CTPR3 are essentially unchanged from those from Eq. (3), where k ex (F) /k ex (U) = 0, while for the centermost helix of CTPR3 k ex (F) /k ex (U) =3×10 −7 can reproduce the observed behavior.
Native state hydrogen exchange (NHX)
So-called native state HX (NHX) measurements have proven to be a powerful means by which to assess the relative stability of different parts of a protein, and to identify regions that undergo excursions into unfolded conformations, whilst the majority of the protein is folded. 18, 30 NHX involves HX measurements, performed at low concentrations of denaturant, so that local unfolding is promoted and the population of partially folded states is consequently increased. Measuring the denaturantdependence of the HX rate allows protons to be grouped together if their exchange rates show the same denaturation dependence, permitting the identification of regions within the protein that behave as a unit. Eventually, at high enough concentrations of denaturant, all the residues in the protein will exchange via a global unfolding mechanism, and thus all will show the same denaturant-dependence of exchange. [31] [32] [33] [34] Accordingly, we performed NHX measurements on CTPR2 and CTPR3. Because p u depends on the concentration of denaturant, Eq. (2) explicitly shows that the relative importance of the two contributions to k ex depends upon the amount of denaturant. Thus, NHX measurements also allow us to further test the proposed interpretation of the HX observed in the absence of denaturant.
We measured the exchange rates of the backbone amide protons in CTPR2 and CTPR3, at several concentrations of GuHCl, conditions under which the protein appears fully folded, as monitored by CD (Fig. 4a, inset ) and that we have previously shown to be in the EX2 regime (bimolecular exchange). 4 Examples of peak intensity versus time-decay curves are shown in Fig. 3 . For both CTPR2 and CTPR3 the exchange rates of the N-and C-terminal helices (helix A1 and the solvating helix, colored in gray in Fig. 1 ) are too rapid to measure under the conditions used. For CTPR2, we therefore measured the exchange for three helices, the central helix A2 and flanking helices B1 and B2. For CTPR3, we measured the exchange for five helices (helices B1, A2, B2, A3, and B3).
For CTPR2 a clear difference is observed between the protection factors for residues in the central helix (A2, green circles) and the flanking helices (B1 and B2, red and magenta circles). In Fig. 4a we plot the average protection factor for a given helix versus concentration of denaturant. The denaturant-dependence of the average protection factor for residues in the central helix (A2) is clearly different from the average value for residues in the flanking helices (B1 and B2). The denaturant-dependence of the average protection factor for residues in each of the flanking helices is very similar.
For CTPR3, an even larger difference in the denaturant-dependence of the protection factors for the central helix (B2, green circles) versus the two sets of flanking helices (A2 and A3, red and magenta, and B1 and B3, blue and cyan) is evident (Fig. 4b) . These data suggest that each helix unfolds as an independent unit and are also consistent with the idea that the CTPR proteins unfold by fraying from the ends. Komives and colleagues investigated the stability of tandem arrays of ankyrin repeats in the protein IκBα, using HX monitored by mass spectrometry. Exactly analogous to our results, they found that central repeats are more protected from exchange than are repeats at both ends. 35 Figure 4 also shows the Ising model predictions for the denaturant-dependence of the protection factors for each helix. Overall, the model captures the behavior of the different helices supporting the idea that each helix is an independent folding unit. However, for both CTPR2 and CTPR3, although the dependence on the concentration of denaturant of the experimentally observed protection factors and those predicted by the Ising model are very similar, there is apparently a multiplicative "offset" between the measured and the predicted protection factors for all the helices (Fig. 4) (Fig. 4a, inset) . (2) Slow cis-trans proline isomerization in the unfolded state can also lead to the measurement of higher stabilities in HX experiments compared to CD measurements. 38 CTPR pro- teins present only one trans-proline per repeat, which could increase the stability by 0.072 kcal mol −1 per proline residue (i.e. 0.144 kcal mol −1 in CTPR2 and 0.216 kcal mol −1 in CTPR3). This contribution is much smaller than the difference in protection observed. (3) It has been shown experimentally that the intrinsic exchange rates in an unfolded helix can be slower than the rates from model peptides that are used in the protection factor calculations, because there can be more residual structure in an unfolded helical peptide than in a short model peptide. 39 This effect causes the apparent protection factors measured by HX to be overestimated. We have shown that the unfolded state of all TPR proteins in the series CTPR2 to CTPR20 shows residual structure, specifically extensive polyproline II secondary structure (A.L.C. and L.R., unpublished results). We therefore conclude that the existence of such residual structure in the "unfolded state" of CTPR2 and CTPR3 is the most reasonable explanation for the offset we observe.
Cooperative folding units
Under EX2 conditions, protection factors can be converted directly into free energies of unfolding (ΔG ex ), as described in detail in Materials and Methods. Amide protons display denaturant-dependent exchange as well as exchange due to local fluctuations, which are independent of the concentration of denaturant. To deconvolute the contributions of these two different processes to the measured values of ΔG ex, we plotted ΔG ex versus[Gu-HCl] for each amide proton, and fit these curves to Eq. (7), which takes into consideration both effects. We were thus able to calculate the free energies of the denaturantindependent local fluctuations (ΔG LF ) and of the denaturant-dependent sub-global unfolding events (ΔG UNF ), and the value of m ex , the denaturant-dependence of ΔG UNF . 40 ΔG ex versus[Gu-HCl] plots for representative residues are shown in Fig. 5 .
In Fig. 6a and b the ΔG UNF versus m ex -values are plotted for each amide proton in CTPR2 and CTPR3, respectively. The smaller circles correspond to each individual amide protons and the larger circles correspond to the average values for all the amide protons within each helix.
Amide protons that exchange through the same sub-global unfolding event should share similar values of both ΔG UNF and m ex . If a protein underwent a single, concerted, unfolding event, a plot of ΔG UNF versus m ex would show all the amide protons grouped together. 40 By contrast, for a protein with multiple unfolding units, residues from independent unfolding units would be characterized by their different ΔG UNF and m ex -values. The group of residues with the highest energy represents the global unfolding of the protein and the groups with lower energy reveal partially unfolded species. Figure 6a shows the results for the helices B1 (magenta), A2 (green) and B2 (red) of CTPR2. It is clear that the centermost helix (A2) presents larger ΔG UNF and m ex -values compared to the helices closer to the ends (B1 and B2). As expected because of the pseudo-symmetry of the molecule, B1 and B2 helices show very similar behavior.
For CTPR3, the differences in ΔG UNF and m ex between the helices are more evident than for CTPR2, and the residues in the different helices can be clearly grouped into sub-global unfolding units (Fig. 6b) The values for the individual amide protons show variations and cluster around the average value for each helix. Specifically, within each helix, residues closer to the ends of the helix exchange faster than the residues closer to the center. Although the superposition of this effect causes "spread" in the data we can clearly distinguish the presence of high-energy partially unfolded species in the equilibrium between folded and unfolded state, with each helix being identifiable as an independent folding unit.
Hierarchical stability and independent units
The NHX data allowed us to identify different isotherms that correspond to the unfolding of co-operative independent units, specifically, the unfolding of individual helices. The Ising model simulations predict that the helices at both ends of the proteins will unfold most readily, and that the helices toward the center will unfold sequentially (with respect to the concentration of denaturant) until the central helix unfolds. The NHX data that we have presented so far shows that individual helices behave as concerted folding units, but does not specify if the different helices unfold unzipping outwards from the middle, or if they unfold as units but in random order. It has been demonstrated for a number of different proteins that the slope of a ΔG versus concentration of denaturant plot, the m-value, is proportional to the amount of surface area that becomes exposed to solvent upon unfolding (the change in solvent-accessible surface area, ΔASA). 30, 41 The GuHCl-dependent HX experiments, we have performed, allow us to determine the m ex values for individual helices in the proteins. We can also calculate the ΔASA that would be associated with either independent unfolding of the helices or with sequential unfolding, in which the helices with lower energy unfold first (see Materials and Methods). Figure 7 shows plots of the experimentally determined m ex -values and the calculated ΔASA, assuming either a random order or sequential unzipping unfolding process. It is clear for both CTPR2 and CTPR3, that the best correlation between the experimentally observed m ex values and the calculated ΔASA is for the sequential unzipping from the ends model.
To elaborate, because the independent folding units are comparable to α-helices, for an independent folding model we would expect similar ΔASA and therefore similar m ex -values for all the units. However, we observe that the exchange data shows an increase in the m ex -value with the increase of the free energy of the partially unfolded species (Fig. 6 ). This observation is in agreement with a stepwise unfolding, in which the helices closer to the end unfold first and the protein unfolds, sequentially, from both N and C termini toward the center of the protein.
Comparison of the data with the Ising model predictions
The predicted exchange isotherms from the Ising description for each helix for CTPR2 and CTPR3 (Fig.  4) were fit to Eq. (7) (Materials and Methods) in the same manner as the experimental data to calculate the ΔG UNF and m ex parameters. Fig. 8 shows the average ΔG UNF and m ex -values for each helix calculated from the experimental data (filled circles) and the values obtained from the fits of the Ising-predicted curves (open circles with the same color code). The NHX data show a clear grouping of the exchange behavior of residues within a particular helix; the data also highlight differences between the average exchange behavior of different helices, in a fashion that is consistent with the Ising model-based predictions for HX. Furthermore, the data agree quantitatively with the ΔG UNF and m ex -values for the individual helices calculated from the Ising description.
Conclusions
We report the results of extensive HX studies of the folding of two CTPR proteins, which contain different numbers of tandem repeats of an identical 34 amino acid helix-helix motif. HX methods allowed us to detect and characterize partially folded species that are populated at low frequency in the nominally folded state. Both CTPR2 and CTPR3 exhibit non-two state equilibrium folding-unfolding transitions with the outermost helices showing a significantly higher probability of being unfolded than the inner helices. Fig. 9 shows a proposed energy landscape in the absence of Gu-HCl for CTPR3 based on our HX measurements. We show also that the experimentally observed unfolding behavior is consistent with the predictions of a simple Ising model, in which individual helices are treated as "spin-equivalents". The results we present have general implications for our understanding of the thermodynamic properties of repeat proteins. In addition, it is interesting to both compare and contrast the behavior of repeat proteins with that of globular proteins. Partially unfolded forms have been identified in globular proteins, as distinct units of structure, with distinct stabilities and roles in folding. 30, 42 However, in globular proteins these units are formed by residues distant in the primary sequence, whereas in repeat proteins the partially unfolded form equivalents are directly contiguous. In the linear sequence, in the case of TPR proteins, they are helices.
Materials and Methods
Protein expression and purification CTPR2 and CTPR3 proteins were expressed as Nterminal histidine-tagged fusion proteins and purified as described. 15 The 15 N-labeled proteins were expressed in M9 minimal medium supplemented with [
15 N]ammonium chloride.
Hydrogen exchange data collection 15 N labeled 1 mM CTPR protein samples were lyophilized in water and resuspended in an equal volume of buffer in 2 H 2 O (Cambridge Isotope Laboratories, Cambridge, UK) (150 mM NaCl, 50 mM phosphate, pH 6.8) at different concentrations of Gu-HCl (Ultrapure, Fluka, Buchs, Switzerland); 0, 0.25 M, 0.75 M and 1 M for CTPR2, and 0, 0.5 M, 1 M, 1.5 M and 2M for CTPR3. We assumed the correction pD = pH + 0.4, to adjust the pH of all the buffer solutions at 6.8. The pH of all the samples was measured after the exchange was completed.
1 H− 15 N heteronuclear single-quantum coherence (HSQC) 2D spectra were acquired immediately after resuspension in a Varian Unity Plus 600 MHz at 25°C. The spectra were acquired using 32 increments of 2048 datapoints and eight or 16 transients for CTPR2 or CTPR3, respectively. The spectral widths were 7000 Hz in the 1 H dimension and 2000 Hz in the 15 N dimension. The total acquisition time of each spectrum was 12 min for CTPR2 and 23 min for CTPR3. During the first 5 h spectra were acquired every 12 or 23 min. After the first 5 h, we acquired one scan per hour for 24 h, finally data were collected regularly over the next 1-30 days. HSQC spectra were processed using NMRpipe. 43 1 H− 15 N HSQC spectral assignments of CTPR2 and CTPR3 have been published. 4 Hydrogen exchange data analysis
The data were analyzed using the program Sparky †. The proportion of each proton that remained unexchanged with 2 H 2 O at each time-point was determined by calculating the height of the appropriate peak. The amide exchange rates (k ex ) for the different residues at the different concentrations of Gu-HCl were determined by fitting the data to a first-order exponential decay:
where I is peak intensity, I 0 is the peak intensity at time 0, t is the time and I inf is the residual percentage of amide protons in the final solution after infinite hydrogen/ deuterium exchange times (baseline correction).
To compare the exchange rates at each position for CTPR2 and CTPR3 at different concentrations of Gu-HCl, we calculated the relative protection factors (PF) with the following equation:
where k ex is the measured exchange rate and k int = k ex (U) is the exchange rate for amino acids in random coil conformation calculated using the program Sphere ‡. Under the mild denaturing conditions of the exchange experiments, we assume that we have stable TPR structures, in which the exchange occurs under EX2 regime (bimolecular exchange) where the closing rate is slower than the intrinsic exchange rate of the random coil state (k cl NNN k int ); thus, the exchange rate measured is limited by the population in the open state. 21 This assumption seems reasonable because k f (k cl ) is ≈20,000-35,000 s -1 (for CTPR2 and CTPR3 in the absence of Gu-HCl, respectively), whereas k int of the slowest exchanging residues is ≈1-10 s -1 . 4 Under EX2 conditions, the free energy of exchange (ΔG ex ) can be determined as follows:
† http://www.cgl.ucsf.edu/home/sparky/ ‡ http://www.fccc.edu/research/labs/roder/sphere/ Fig. 9 . Proposed model for the equilibrium energy landscape of CTPR3. The free energy (ΔG) of each partially unfolded species in the absence of Gu-HCl is given relative to the native state. The m-value on the x-axis is proportional to the increase in surface area exposed for each partially unfolded form relative to the native structure. The plot shows the experimental data for CTPR3 (open circles), and the data measured from the application of the Ising model (horizontal bars). The continuous line connecting the energy levels is a guide to the eye. The figure also shows a representation of the partially unfolded forms for CTPR3, where each cylinder represents a folded helix and each line represents an unfolded helix.
The dependence of ΔG ex on the concentration of GuHCl was fit as a combination of two different processes: the Gu-HCl-independent local fluctuations and the unfolding reactions dependent on Gu-HCl using Eq. (7):
where ΔG LF and ΔG UNF are the free energies of the denaturant-independent local fluctuations and the [Gu-HCl]-dependent unfolding, respectively, and m ex is the denaturant dependence of the unfolding (Fig. 5) .
Application of the 1D-Ising model to predict protection factors
The calculation of the probability of each helix to be unfolded (p u ) within the context of the Ising model was accomplished using the transfer matrix method as follows. Using the normal 1D Ising model transfer matrix, i.e.:
e HþJ e ÀHÀJ e HÀJ e
ÀHþJ ð8Þ
We compute the mean of spin (helix) m of a TPR containing a total of n spins (helices) via:
Then, the probability that a particular helix is folded or unfolded is given by:
Solvent-accessible area calculations
The increment in the surface area exposed upon unfolding (ΔASA) is defined as the difference between the surface area exposed in the denatured state (ASA D ) and in the native state (ASA N )
ASA N is calculated from the crystals structures of the CTPR2 and CTPR3 proteins using the program GETAREA § and ASA D is calculated assuming that unfolded proteins behave as random coils. ASA for each residue X in the tripeptide Gly-X-Gly in an ensemble of 30 random coil conformations is multiplied by the number of occurrences of the residue in the protein sequence and summed. For the partial unfolding events, the ΔASA was also calculated relative to the native state. ASA of the partially unfolded species was determined by the addition of the surface area exposed of the folded part of the protein calculated by GETAREA and the unfolded part of the protein calculated from the values of G-X-G peptides.
